Materials composed of self-assembled nanoparticles embedded in a matrix material exhibit interesting physical properties. The inclusion of nanoparticles in composite materials may result in unique or improved mechanical, optical, electrical, thermal, and magnetic properties. [1] [2] [3] These composite materials may find potential applications in data storage devices, biochemical sensors, magnetic field sensors, and single electron devices. 4, 5 In this work, we study the effect of nanoparticle size on thermal transport in a series of nanocomposites that consist of layers of nickel nanoparticles embedded in a yttria stabilized zirconia ͑YSZ͒ matrix. A better understanding of heat transport in nanostructured composite materials is important not only from a scientific viewpoint but also to improve the performance of many of the abovementioned devices.
Nickel nanoparticles are embedded in polycrystalline YSZ films by laser ablation of Ni and YSZ ͑5 wt % yttria͒ targets using pulsed laser deposition. 6 To avoid the formation of NiO or Ni/NiO core/shell structures, oxygen is not used and the depositions are done in vacuum ͑ϳ5 ϫ 10 −7 Torr͒. The final structure of the multilayered nanocomposites consists of an initial YSZ buffer layer ͑ϳ100 nm͒ followed by five Ni nanoparticle layers ͑7-38 nm͒ that are separated by four YSZ spacer layers ͑22-48 nm͒, as shown in Fig. 1 . The Ni particle size is altered by varying the number of laser pulses at a laser frequency of 10 Hz.
Microstructural investigations are carried out using a FEI TITAN 80-300 equipped with an E.A. Fischione model 3000 annular dark field detector and operated at 200 kV in scanning transmission electron microscopy ͑STEM͒ mode. The size of the electron probe is approximately 1 nm in diameter. From STEM dark field images of these four samples ͑see Fig. 1͒ we determine the average Ni nanoparticle diameters to be approximately 7, 21, 24, and 38 nm for samples 1-4, respectively. While these particular samples were not analyzed with electron energy loss spectroscopy ͑EELS͒, similar samples grown by the same group were examined with EELS and pure metallic Ni nanoparticles without oxide layers were found. 7 We use time-domain thermoreflectance ͑TDTR͒ ͑Ref. 8͒ to measure the thermal conductivity k and interface thermal conductance G of the nanocomposites. TDTR is a pumpa͒ Electronic mail: huxtable@vt.edu. probe optical technique that takes advantage of the fact that the reflectivity of a metal has a slight dependence on temperature. A thin film of aluminum ͑ϳ100 nm͒ with high thermoreflectance at 800 nm is deposited on top of all four nanocomposite samples using electron beam evaporation. Ultrashort Ti:sapphire laser pulses with repetition rate of 80 MHz and wavelength of 800 nm are split into pump and probe beams using a 50:50 beamsplitter. The pump beam heats the sample and is modulated at 9.8 MHz, while the time-delayed probe beam gives a measure of the reflectivity changes, and therefore temperature decay, at the surface of the sample. The 1 / e 2 beam diameters at the sample are 30 m for the pump beam and 18 m for the probe beam. Data are recorded with a lock-in amplifier in order to improve the signal-to-noise ratio.
The ratio of the in-phase voltage to the out-of-phase voltage measured by the lock-in amplifier is compared with a one dimensional heat transfer model for multilayer structures to extract thermal conductivity and interface thermal conductance. 9 Since the TDTR model is valid only for layers of uniform thickness, we represent the Ni nanoparticle layer as a Ni/YSZ composite layer with the layer thickness set equal to the diameter of the Ni nanoparticles. This Ni/YSZ composite layer is approximated as a layer of uniformly arranged spherical Ni nanoparticles surrounded by YSZ. Thus the overall structure in the model consists of alternating Ni/ YSZ composite layers separated by YSZ spacer layers. For spherical nanoparticles, the maximum volume fraction within the Ni/YSZ composite layer is given by the case where each nanoparticle is touching four neighboring Ni nanoparticles and the volume fraction f of Ni in YSZ is then f = / 6, or ϳ52.4%.
The TDTR model requires the thickness, heat capacity, and thermal conductivity of each layer, along with the interface thermal conductance between the layers in our nanocomposite structure, as input parameters. The thickness of the aluminum layer is calculated using measurements of the acoustic echoes 10 with the speed of sound for Al taken as 6420 m/s ͑Ref. 11͒. The YSZ and Ni/YSZ composite layer thicknesses are measured using the TEM. The heat capacities of Al, Ni, and Si are taken from literature values, 11, 12 while the heat capacity of YSZ is calculated using literature values for the constituent materials Y 2 O 3 ͑Ref. 13͒ and ZrO 2 ͑Ref. 14͒. The heat capacity of the Ni/YSZ composite layer is then calculated using the Kopp-Neumann law assuming the volume fraction of Ni to be / 6. We point out that the uncertainty in the heat capacity of the Ni/YSZ composite layer resulting from uncertainty in the Ni volume fraction does not strongly influence the TDTR measurement results. For example, a 25% change in the Ni volume fraction in the TDTR model results in a change of less than 8% in the measured thermal conductivity of the Ni/YSZ composite layer. The thermal conductivity of silicon is taken from Shanks et al., 12 and the thermal conductivity of the aluminum layer is found to be 185 W m −1 K −1 using four-point probe electrical conductivity measurements in conjunction with the WiedemannFranz law.
Thus, the only unknown parameters in our TDTR model are: G between Al and YSZ, k of YSZ, and the effective k of the Ni/YSZ composite layer. This effective k includes the interface thermal conductance between the Ni nanoparticles and the YSZ matrix, which is discussed later. In order to reduce the number of unknown parameters, we first measure k for YSZ and G between Al and YSZ by preparing a reference sample that consists of 80 nm of YSZ deposited on a Si substrate. Using TDTR, we obtain k = 2.5 W m 
15,16
Next, we use the above values to extract the effective k for the Ni/YSZ composite layers and we find k to be 1.3, 2.2, 2.1, and 3.5 W m −1 K −1 in samples 1-4, respectively. In order to determine the overall thermal conductivity of the entire nine layer structure, we create a simple series thermal resistance model that consists of the five Ni/YSZ composite layers in series with the four YSZ spacer layers. When we divide the total thickness of the nine layers by the total thermal resistance of the same layers, we find the overall thermal conductivities of the entire multilayer structures to be 1.8, 2.4, 2.3, and 3.0 W m −1 K −1 for samples 1-4, respectively ͑see Table I͒. Since the thermal conductivity of bulk nickel is ϳ90 W m −1 K −1 ͑Ref. 11͒, thermal models that ignore interface effects would predict an increase in the thermal conductivity with the addition of a higher thermal conductivity material in a low thermal conductivity matrix. However, we observe a decrease in the thermal conductivity for samples 1, 2, and 3 that contain smaller nanoparticles. This decrease in thermal conductivity indicates that the interface thermal resistance between YSZ and Ni becomes dominant at these lengthscales and/or the thermal conductivity of the nickel becomes comparatively low for these nanoparticles. We address these two possibilities below.
With the use of an effective medium theory, [17] [18] [19] in principle one could estimate G or k for the nanoparticles within these types of composite materials. In this particular instance, uncertainty in the Ni volume fraction makes it difficult to extract specific values for either G or k for the nanoparticles. However, with an estimate of the Ni volume fraction we can place approximate lower bounds on both properties through the use of an effective medium theory.
Every et al. 19 developed the following equation for composites made from spherical particles embedded in a host TABLE I. Summary of properties for each sample. The effective thermal conductivity of the Ni/YSZ composite layers is extracted with TDTR. The overall thermal conductivity of the nanocomposite is calculated using a series thermal model in conjunction with our measurements on YSZ and the Ni/YSZ composite layers. This article is copyrighted as indicated in the article. Reuse of AIP content is subject to the terms at: http://scitation.aip.org/termsconditions. Downloaded to IP:
matrix that relates the thermal conductivity of the composite k c to the thermal conductivity of the host matrix k m , the thermal conductivity of a spherical particle k p , the interface thermal conductance G between the particle and the matrix, the radius of the particle r p , and the volume fraction f of the particles for the high volume fraction limit:
For f = / 6, we plot the Ni/YSZ interface thermal conductance as a function of the thermal conductivity of the Ni nanoparticles k p for all four samples in Fig. 2 20 predict that the thermal conductivity of nickel nanoparticles will always be above 30 W m −1 K −1 for nanoparticles greater than 7 nm in diameter. These results illustrate the critical importance of the interface if one intends to enhance the thermal conductivity of a composite material by introducing high conductivity particles. The effective medium theory also allows us to place an approximate lower bound on G of 170-210 MW m −2 K −1 for the four samples, which falls in the middle of the typical range of 80Ͻ G Ͻ 300 MW m −2 K −1 ͑Ref. 21͒ for many phononmediated interfaces. Gundrum et al. 21 Fig. 2͒ . Given that these minimum thermal conductivity values are much smaller than estimates from molecular dynamics simulations, 20 it seems likely that the actual Ni/YSZ interface conductance is closer to the lower limit of ϳ200 MW m −2 K −1 . In summary, we examined the thermal transport in nanocomposites composed of Ni nanoparticles embedded in a YSZ matrix. The Ni nanoparticle size and interface thermal conductance strongly influence the overall thermal conductivity of these nanocomposites. For small nanoparticles with diameters between 7 and 24 nm, the inclusion of the nanoparticles decreases the thermal conductivity of the composite, while 38 nm diameter particles increase the thermal conductivity of the composite. An effective medium theory is used to place an approximate lower bound of 170 MW m 
